Abstract: Sepiolite and hollow glass microspheres (HGMs) are used as binary fillers to prepare thermal insulating composites to improve the protecting durability of epoxy composites on Mg alloy. Sepiolite can be evenly dispersed inside epoxy at around 10% (vol.%), while HGMs are also found evenly distributed in this matrix with content up to 45% (vol.%), as shown in the scanning electron microscope pictures. Their thermal stability and thermal insulation ability improve simultaneously with the increase of the inorganic filler, as shown in the thermal gravimetric analysis results and thermal insulting tests. According to the threedimensional finite element analysis using ANSYS software (ANSYS Inc., USA), their thermal conductivity coefficients are found to decrease linearly with the increase in HGMs volume fractions. The tested temperature changes on the opposite side of the Mg alloy coated with sepiolite/HGMs/ epoxy composites match well with those on the stimulant curves, indicating the reliability of the models and the thermal insulating functions provided by the fillers.
Introduction
As an important thermosetting polymer, epoxy has been widely used as adhesives, coatings and engineering materials due to its excellent chemical resistance, high strength and low cost [1, 2] . A great deal of efforts has been taken to expand its applications by using inorganic fillers; among them, nano-clay, glass fiber and dioxides have been generally used to strengthen its thermo stability, tenacity and mechanical strength [3] . For example, Jin et al. [4] prepared epoxy composites containing nanoAl 2 O 3 and nano-SiC particles as fillers and found that the decomposition temperatures of the composites increased from 200°C to 220°C while the residual yield at 800°C increased from 14.3% to 26.2-26.6% for both composites. Astruc et al. [5] reported that by incorporating kaolin into epoxy resins, both the onset degradation temperatures and the residual mass of the composites increased compared with the pure epoxy.
Besides these common inorganic fillers, sepiolite, a hydrous magnesium silicate, has been also used as an inorganic fiber to make polymer-matrix composites; the presence of silanol groups (Si-OH) enhances the interfacial interaction between polymer matrix and sepiolite, which makes sepiolite disperse well in the matrix, and thus, the mechanical strength and thermal stability of the composite can be improved [6] . Nohales et al. [7] found that the initial thermal decomposition temperature and flexural modulus changed a bit by the incorporation of modified sepiolite in the epoxy, while the flexural strength of the modified resin increased for about 10%. Chen et al. [8, 9] prepared polyurethane composites with silicone modified sepiolite using in situ polymerization to obtain well-dispersed matrix, leading to their higher glass transition temperature and onset decomposition temperatures. Another important inorganic filler, hollow glass microsphere (HGM), consisting of inner inert gas and outer stiff glass, endows its unique properties including low dielectric constant, light weight and low thermal conductivity used in many areas [10] . Li et al. [11] studied the heat conduction mechanism of the filled system and proved that the density and weight of microspheres are two main factors influencing the thermal conductivity of the composite materials. Yung et al. [12] prepared composites containing HGMs up to 51.3 vol.%; their glass transition temperatures were found to have improved, while the thermal conductivity of composites decreased with the addition of HGMs. Park et al. [13] investigated thermal stabilities and fracture behaviors by filling HGMs into epoxy matrix in a range from 0 to 2 wt.%; the composites showed lower thermal expansion coefficient and higher glass transition temperature than those of neat epoxy.
These works have mainly focused on using a single inorganic filler to obtain polymer composite with desirable thermal and/or mechanical performances. In a recent study, nitride particles and HGMs were jointly added in LDPE to make composites with higher thermal conductivity as well as lower dielectric constant (D k ) and loss ( D f ); the function of surface modification and amount of fillers on their morphology and properties were elaborated [14] . In this study, two different kinds of inorganic fillers, sepiolite and HGMs, were used to prepare thermal insulating composite on Mg alloy, in an attempt to combine their advantages of inorganic fibers and hollow spheres to improve the thermal resistance of Mg alloy at temperature up to 500°C. Their morphology of composites was characterized by scanning electron microscope (SEM); their thermal insulation and thermal stability were tested by insulation test and thermal gravimetric analysis (TGA), respectively. In addition, a three-dimensional (3D) finite element simulation model was applied to study the thermal conducting mechanism by means of ANSYS software, and finally, it was verified by thermal insulation test of the composite coating on Mg alloy.
Materials and methods

Materials
Materials used were diglycidyl ether of bisphenol-A(DGEBA) from PuLinDaSi Chemical Industry Co. Ltd, China; 4,4′-diamino diphenyl sulfone from Sinopharm Chemical Reagent Co. Ltd., China; sepiolite from Xingyuan Sepiolite Development Co. Ltd., China; γ-aminopropyl triethoxyl silane (KH-550) from Nanjing Capture Chemical Co. Ltd., China; and HGMs provided by Sinosteel Ma An Shan Research Institute Co. Ltd., China. AZ31B Mg alloy (Al 2.33%, Zn 1.27%, Mn 0.68%, Fe 0.68% and Mg balance) from Yingkou Yinhe Magnesium Aluminum Alloy Co. Ltd., China, was cut into the size of 10 mm × 10 mm × 3 mm, and anodization was used as the pretreatment technique, as most reported in the literatures [15] . Some parameters of the above materials provided by the suppliers were listed in Table 1 . 
Modification of sepiolite and HGMs
Five hundred grams of pristine sepiolite was immersed in a flask with 1.5 mol/l 500.0 g diluted hydrochloric acid and mechanically stirred at 2000-3000 rpm under 80°C for 4 h, then filtered and washed by DI water for three times. This acid activated sepiolite was added into a solution of 5% KH-550 in ethanol. The mixture was also stirred vigorously at 70°C for 4 h and then filtered and washed several times with deionized water. This modified sepiolite was dried at 110°C to obtain silane modified sepiolite.
HGMs were processed using the same procedure as the above to obtain the modified HGMs except that the stirring speeds had to be controlled at 200-300 rpm.
Preparation of thermal insulating composites
Equivalent amounts of epoxy resins and 4,4′-diamino diphenyl sulfone were dissolved in ethylene glycol methyl ether; then the modified sepiolite was added under vigorously mechanic stirring ( > 2000 rpm) for 1 h to ensure its good dispersion to obtain sepiolite modified epoxy matrix. Then the modified HGMs were added into the above matrix under a low rotating speed of around 200 rpm (in case of destroying the integrity of HGMs) for 30 min to obtain thermal insulating matrix. These matrices were coated on anodized AZ31B Mg alloy plates, cured in vacuum oven at 150°C for 2 h, and then 180°C for 2 h to obtain thermal insulating measurement samples.
Characterizations
Scanning electron microscopy
The cross-sectional morphology of the samples was investigated by using SEM operated at an electron beam energy of 10 kVs (JSM-6480A, Japan), and the samples had to be coated with gold before observation.
Thermal gravimetric analysis
Their thermal degradation behavior was studied by using a TA Instruments (Q5000IR, USA) under air atmosphere. The measurements were carried out at a heating rate of 10°C min -1 from room temperature to 600°C.
ANSYS software (ANSYS Inc., USA)
A finite element analysis software was used for structure mechanics, thermo-dynamics, fluid mechanics, electronic and magnetic fields studies. Figure 1 shows the cross-sectional SEM images of neat epoxy, sepiolite/epoxy composites and sepiolite/epoxy composites with variations of HGMs, respectively. Compared with pure epoxy exhibiting a smooth brittle fracture surface, the specimen containing sepiolite at 10 vol.% presents a ductile rupture surface in Figure 1 (B) [16] . The presence of sepiolite fiber diverges the fracture force and restrains the crack growth in certain direction; consequently, rougher surface is observed [7] . The modified sepiolite can be well distributed in a fibrous state at 10 vol.% in the matrix, while with the increase in sepiolite contents, some of the sepiolites congregate into "bundles" in the epoxy matrix, suggesting that the amount of sepiolites has to be properly controlled to ensure their good dispersion in epoxy (Supplemental Figure 1 ). Figure 1 also shows the cross-sectional SEM images of HGMs/sepiolite/epoxy composites. Most of the HGMs are observed keeping their round shapes and spreading evenly inside the matrix at the volume fraction of HGMs below 45%. However, when their contents reach about 60 vol.%, the HGMs are seen stacked together, which may result in the damage of some HGMs ("circle," as indicated in Figure 1F) . Moreover, the modified sepiolites exhibit fibrous morphology, and no serious cluster or "bundles" are observed in this composites with HGMs < 45 vol.%; the sepiolite and HGMs can coexist "peacefully" in the composite. With the addition of HGMs in the sepiolite/ epoxy, some sepiolite are also found aggregated together in Figure 1F , indicating their competitions with HGMs during blending in the matrix. This reveals that the ratio of fiber to hollow sphere and the amount of total inorganic fillers have to be properly controlled to make them well dispersed in polymer. Figure 2 shows the TGA curves of the composites with 10 vol.% sepiolite in epoxy, and these composites contain different contents of HGMs. They exhibit similar thermal degradation tendency with a significant weight loss at around of 350°C, and the onset decomposition temperatures do not show much difference with the addition of inorganic fillers, which may be attributed to the factor that the improvement in thermal stability was offset by the low molecular silane incorporation on the surface of the inorganic fillers [8] . However, their residuals are different at higher temperatures, among which the residual mass of pure epoxy exhibits the lowest. The residue of the composite containing 45 vol.% HGMs is almost the same as that containing 60 vol.% HGMs and much higher than the others; this may be attributed to the good dispersion of fillers in epoxy matrix at an appropriate amount, and thus evenly distributed amino silanes on the surfaces of the fillers act as "crosslinking agents" retarding the motion of polymer chains, which endows its higher stability at temperature above 500°C, probably providing better hindrance during the constant heat impact [4] . Figure 3 shows that temperatures change with time during constant heat effect on the surface of the composites with 10 vol.% sepiolite in epoxy with different contents of HGMs on Mg alloy surface. In the testing range, the temperatures on the opposite side of Mg surface coated with sepiolite/HGMs/epoxy matrix are lower than those of the composites with 10 vol.% sepiolite, indicating the obvious thermal insulating function of HGMs additions. The combination of 10 vol.% sepiolite and 45 vol.% HGMs in epoxy performs better than the others, revealing that the synergic thermal insulating effects of different fillers in the polymer are mainly determined by their amount ratio and dispersion state in the matrix.
Results and discussion
Scanning electron microscopy
Thermal gravimetric analysis
Temperatures changes with time
Thermal transfer coefficient of the sepiolite/epoxy composites
In order to understand the thermal insulation contributions of each component in the composites, we used finite element analysis to simulate heat transportation in the composites during the thermal insulating experiment [17] . Two-dimensional graphs of sepiolite/epoxy composite, which were assigned as the matrix, were firstly made to deduce the thermal conductivity coefficient. Then based on this coefficient, HGMs as filler were added into the system, and a 3D model was established, with the variation of volume fraction of microspheres, such that a series of thermal conductivity coefficient could be figured out. In general, the heat transport in three phases composites is determined by three modes: (1) solid thermal conduction, (2) heat radiation on the surface between neighboring hollow particles and (3) the natural thermal convection in HGMs. Skochdopole [18] also pointed out that when the diameter of hollow spheres was < 4 mm, the natural thermal convection of the gas in microsphere would not take place. Based on this theory, the natural convection of the gas in spheres can be neglected due to the much lower thermal conductivity of inert gas. In addition, the thermal radiation would be a small proportion of the total quantity of heat transfer; hence, the thermal radiation may also be neglected. The cloud chart in ANSYS software is used to simulate the heat transfer inside the composite of sepiolite/epoxy by the variation of sepiolite addition, as shown in Figure 4 . When heat is transferred from the top to the bottom of the unit, the parameters of the unit are set as follows: the constant temperature as T 0 on top surface at 100°C, the temperature on bottom surface as T dependent on the amount of sepiolite, and a flow surface heat transfer coefficient as 2.0 W/(m 2 ·K), as provided by Liang and Li [17] . Finally, by using the thermophysical parameters provided in Table 1 [19, 20] , the thermal transfer coefficients of the composites with sepiolite variations are obtained according to the Fourier law, as presented in Figure 5 .
Meanwhile, K e = K s
, Woodside formula was commonly used to test the stimulant results of thermal transfer coefficients of polymer composites, where K e is the thermal transfer coefficient of the composites; K s and K p are the thermal coefficient of the matrix and the filler, respectively; and Φ is the volume of the filler [21] . By using parameters of epoxy and sepiolite provided in Table 1 , a series of thermal transfer coefficient (K e ) with sepiolite volume variation are obtained and also presented in Figure 5 . The thermal insulating coefficients of the composites descend linearly with the increase in sepiolite contents. The results of the calculation and the simulation analysis match well, indicating the reliability of the thermal transfer coefficient and the rationality of considering sepiolite and epoxy as a whole matrix for next 3D models.
Heat transportation in the composite with binary fillers
When HGMs are added and distributed uniformly in the above matrix, a 3D model has to be proposed considering their geometric sizes and shapes (Figure 1 ). Theoretically, the composite can be divided into various units containing different numbers of HGMs, which represent the actual compositions of the composites containing different volumes of HGMs; this idea can be exhibited as 3D charts, as presented in Figure 6 , representing units containing 2, 4, 6 and 8 HGMs, respectively. A thermal flow vector chart is drawn, as shown in Figure 6 , where the arrow represents the thermal flow vector, the arrow length represents the strength of thermal flow vector, the red one represents the highest strength while the blue one the lowest, and the colors between red and blue represent their comparable strength from the strongest to the lowest. According to the Fourier law, based on the average size of HGMs at around 60 μ (provided by the supplier, also Figure 1 ), the thermal transfer coefficient from twodimensional (2D) model in Figure 5 taken as 0.195 W/mK at sepiolite of 10 vol.% and the same boundary conditions and parameters set as the above, thermal conductivity coefficients are presented in Figure 7 . With the increase in the volume fraction of HGMs fillers, the thermal transfer coefficients of composites descend linearly in the testing range. When thermal flux encounters the microspheres containing inert gas with very low thermal transfer coefficient, it bypasses them and passes through the wall of microspheres and composite matrix nearby. In turn, the microsphere itself has a low thermal flux, while the composites matrix nearby has a concentrated thermal flux. The region of highest thermal flux is the areas below the HGMs microspheres (the red part as shown in Figure 6 ) because it is the region of thermal flux intersection containing the thermal flux both passing through matrix and bypassing the HGMs; as such, more HGMs can decrease the number of this region and divert the thermal flux concentration. This effect is reflected as the linear trend of thermal transfer coefficients with volume fractions.
The thermal transfer coefficient for composite containing 45 vol.% HGMs of the above matrix is taken as indicated in Figure 7 at a value of 0.12 W/mK. When this composite with a thickness of 3.0 mm applied on Mg alloy faces a constant temperature T 0 of 500°C, the temperatures with time on the other side of Mg alloy can be obtained through similar simulation as above, considering the thermal transfer coefficients of Mg alloy in Table 1 and the composite coating with thermal transfer coefficient of 0.12 W/mK. Experimentally, we prepared a composite coating with the same compositions to examine its actual thermal insulating effects; when the composite faced a constant temperature at 500°C, the temperatures with time on the surface of Mg alloy are also recorded as shown in Figure 8 . The experimental data match well with the above stimulant curve, suggesting the reliability of the model and data.
Conclusions
Silane modified sepiolite (volume fraction 10%) and HGMs (volume fraction 45%) were well dispersed in epoxy to make thermal insulating composites with higher stability and thermal insulating capability while they confronted thermal environment with temperature up to 500°C, providing effective protection on Mg alloy and keeping its temperature under 350°C within 2 min. The thermal transfer coefficients were found to linearly decrease with the increase in these binary fillers as obtained from the stimulant results by 2D and 3D models, respectively, with ANSYS software. Moreover, the data from the designed experimental based on the stimulant model confirmed the reliability of the models, which may provide valuable references while preparing composites with binary fillers. 
